Abstract
Following acute myocardial infarction, patients experience a high risk of cardiovascular events, especially recurrent acute myocardial infarction and cardiovascular death. This risk is greatest in the first weeks and months following acute myocardial infarction, the subacute period, with half the events in the following year occurring in the first month after acute myocardial infarction. 1 Approximately 50% of these recurrent events can be attributed to lipid-laden plaques in the coronary arteries distant from the culprit lesion. 2 Pharmacological therapies that reduce the burden of atherosclerosis by decreasing low-density lipoproteincholesterol levels are the mainstay of chronic treatment for secondary prevention. However, the clinical benefit for cardiovascular outcomes with high-intensity statin therapy and proprotein convertase subtilisin/kexin type 9 inhibitors is not evident in the subacute period and is first observed several months after treatment initiation. [3] [4] [5] Therefore, new strategies are needed to reduce the risk of early recurrent cardiovascular events in the subacute period.
CSL112 (apolipoprotein A-I [human] ) is a novel intravenous formulation of plasma-derived apolipoprotein A-I (apoA-I), the primary functional component of high-density lipoprotein (HDL). It is currently in development to reduce the risk of early recurrent cardiovascular events following acute myocardial infarction. CSL112 is designed to enhance cholesterol efflux capacity, the ability of HDL to remove cholesterol from lipid-laden macrophages. Cholesterol efflux capacity is the first step in the process of reverse cholesterol transport, the major atheroprotective function of HDL. 6 A higher capacity for cholesterol efflux is associated with a reduced risk of developing cardiovascular disease. 7, 8 Importantly, cholesterol efflux capacity is an independent risk factor whose contribution is not significantly decreased on correction for other cardiovascular risk factors including HDLcholesterol (HDL-C) levels. 7, 8 Low levels of cholesterol efflux capacity in adults with established coronary artery disease have also been associated with a dramatically increased risk of cardiovascular-related death. 9, 10 Rapidly enhancing cholesterol efflux capacity immediately following an acute myocardial infarction, a period in which cholesterol efflux capacity is known to be impaired, 11, 12 is hypothesized to lead to a reduction in cardiovascular events by reducing plaque burden and stabilizing nonculprit plaque lesions in the coronary arteries that are vulnerable to rupture.
Infusion of CSL112 has now been studied in healthy subjects, 13 patients with stable cardiovascular disease, 14 and in patients in the first 7 days after a myocardial infarction. 15 In each case, infusion of CSL112 caused a robust increase in cholesterol efflux, and interestingly, the ABCA1-dependent portion of cholesterol efflux capacity was enhanced more strongly than ABCA1-independent efflux. Because ABCA1-dependent efflux predominates in plaque macrophages, the basis for this finding was further explored. 16 In vitro studies showed that on introduction into plasma, CSL112 interacts with and remodels endogenous HDL to yield large amounts of lipid-poor apoA-I (pre-β1-HDL), the preferred acceptor of cholesterol from ABCA1. Additional studies showed that CSL112 enhances not only cholesterol efflux capacity but also esterification of the cholesterol by lecithin-cholesterol acyltransferase (LCAT). 13, 17 Cholesterol esterification is the second step of reverse cholesterol transport and acts to prevent backflow of cholesterol into cells. 18 Renal impairment is a prevalent comorbid condition in acute myocardial infarction patients, with approximately 30% of subjects having stage 3 chronic kidney disease. Moreover, chronic kidney disease is associated with a progressively higher mortality rate in acute myocardial infarction patients as chronic kidney disease severity increases. 19 Unique facets of renal impairment, however, might affect the response of patients to therapy with CSL112.
First, the kidney is a major site of apoA-I clearance, 20, 21 and pharmacokinetics may be affected. More importantly, HDL is known to become dysfunctional in chronic kidney disease, with reduced cholesterol efflux capacity and vasoprotective, antioxidative, and anti-inflammatory properties. 22, 23 The disease processes that affect endogenous apoA-I in renal impairment patients might also affect infused apoA-I.
Finally, it is noteworthy that although published work has observed a dramatic reduction in cholesterol efflux capacity in patients with end-stage renal disease on dialysis, the impact of moderate renal impairment or stage 3 chronic kidney disease (estimated glomerular filtration rate [eGFR] ࣙ30 and <60 mL/min/1.73 m 2 ) on cholesterol efflux capacity is less clear or well studied (for a review see Kon et al, 2015) . 21 For these reasons, we sought to understand the impact of renal impairment on the pharmacokinetic (PK)/pharmacodynamic (PD) profile of CSL112. Here we report the findings of a phase 1 study in subjects with moderate renal impairment compared with normal renal function. To our knowledge this is the first study assessing cholesterol efflux capacity in patients with moderate renal impairment and matched controls.
Methods

Ethical Approval and Consent
The study protocol was approved by the institutional review board at each of the participating centers, and subjects provided informed consent. The study was conducted in accordance with the International Conference on Harmonization Good Clinical Practice guidelines and the Declaration of Helsinki. This study (NCT02427035) was conducted at 4 centers in Europe: Quintiles Drug Research Unit at Guy's Hospital, London, United Kingdom; CMFT, Manchester, United Kingdom; APEX, Munich, Germany; and Charite Research, Berlin, Germany.
Study Design
This was a phase 1 double-blind, randomized, placebocontrolled single-ascending-dose study conducted to assess PK, safety, and PD of CSL112 in adults with moderate renal impairment compared with healthy adults with normal renal function. Full details of the study design are described in Tortorici et al. 24 Briefly, adults with moderate renal impairment and sex-, age-, and weight-matched subjects with normal renal function were enrolled. In total, 32 subjects (n = 16 with moderate renal impairment and n = 16 with normal renal function) were randomized 3:1 (CSL112:placebo) by renal function into 4 cohorts, each with 8 subjects (n = 6 CSL112 [2 or 6 g] and n = 2 placebo). CSL112 was administered during a 16-day active treatment period that included a mandatory in-house stay (in the study unit), and patients were followed up at several outpatient visits The maximum study duration was approximately 120 days.
Study Population
Briefly, subjects were male or female, aged 18 to 85 years, with a body weight ࣙ50 kg. Moderate renal impairment patients had stable chronic renal impairment, defined as an eGFR ࣙ30 and <60 mL/min/1.73 m 2 within 6 months of screening. Subjects with normal renal function had an eGFR ࣙ90 mL/min/1.73 m 2 and were determined to be healthy based on detailed medical history and physical examination. The main exclusion criteria are described in Tortorici et al. 24 Study Product, Dose, and Administration CSL112 is a novel intravenous formulation of plasmaderived apoA-I, the primary functional component of HDL, reconstituted into disk-shaped lipoproteins with phosphatidylcholine. Lyophilized CSL112 was reconstituted with sterile water for injection and was dosed based on total protein content. Both CSL112 (2 or 6 g) and placebo (0.9% sodium chloride solution) were administered as a single 2-hour intravenous infusion.
Pharmacokinetic and Pharmacodynamics Assessments
Plasma apoA-I was measured before dosing and at 2, 4, 6, 8, 12, 24, 48, 72, 96, and 144 hours using an immunoturbidimetric method.
Plasma and serum cholesterol efflux capacity biomarkers of reverse cholesterol transport: total, ABCA1-dependent and ABCA1-independent cholesterol efflux capacity, and pre-β1-HDL were measured before dosing and at 2, 4, 8, 24, 48, and 72 hours.
Cholesterol efflux capacity, total and ABCA1-independent, was measured after incubation of apolipoprotein B-depleted serum in vitro with macrophages preloaded with radiolabeled cholesterol with and without cyclic adenosine monophosphate induction.
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ABCA1-dependent cholesterol efflux capacity was calculated as the difference between total cholesterol efflux capacity and ABCA1-independent cholesterol efflux capacity. Pre-β1-HDL was measured using a sandwich enzyme-linked immunosorbent assay (Sekisui, Japan) employing a conformational-specific antibody to apoA-I within pre-β1-HDL. 26 The area under the effect curve from time point zero (baseline) to 24 hours following infusion (AUEC 0-24 ) was calculated for total, ABCA1-independent, and ABCA1-dependent cholesterol efflux capacity and pre-β1-HDL.
HDL-C, HDL-esterified cholesterol (HDL-EC), HDL-unesterified cholesterol (HDL-UC), total cholesterol, and non-HDL-C were assessed before dosing and at 2, 4, 8, 24, 48, 72, 96, and 144 hours using standard enzymatic methods.
Apolipoprotein B, predose and at 144 hours, and high-sensitivity C-reactive protein (hsCRP), predose and at 24 and 48 hours, were measured by an immunoturbidimetric method. Triglycerides were determined following elimination of free glycerol, subsequent hydrolysis of triglycerides with lipoprotein lipase, and detection of the glycerol generated in a colorimetric reaction using glycerol phosphate-oxidase predose and at 144 hours.
Statistical Analysis
The planned sample size for this study was n = 16 moderate renal impairment and n = 16 normal renal function subjects. This empirical sample size was considered to be sufficient to assess PK. Subjects receiving placebo were pooled within renal function cohorts (n = 4) in the analysis.
A 2-sample t test was used to compare baseline cholesterol efflux capacity and lipoprotein parameters between patients with moderate renal impairment and those with normal renal function.
When measured postinfusion, the following parameters were corrected for baseline levels: apoA-I; total, ABCA1-independent, and ABCA1-dependent cholesterol efflux; total cholesterol and HDL-C, to ascertain the effect of CSL112 irrespective of baseline levels. AUEC 0-24 was calculated using WinNonLin v6.4 from concentration/activity-time data following infusion of CSL112 for baseline-corrected data. The relationship between biomarker exposures (AUEC 0-24 for total, ABCA1-independent, and ABCA1-dependent cholesterol efflux capacity and pre-β1-HDL) and CSL112 dose was compared between those with renal impairment and those with normal renal function. A linear model with terms for renal function group, dose (as a continuous variable), and treatment by renal function group interaction was used to assess whether the slopes were parallel for the 2 renal function groups. P < .05 was considered statistically significant. The data and statistical analysis complied with the recommendations on the experimental design and analysis as published by the British Journal of Clinical Pharmacology.
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Results
Baseline Characteristics
In this phase 1 multicenter, double-blind, placebocontrolled ascending-dose study, 32 subjects were randomized to receive a single intravenous infusion of CSL112 or placebo, n = 16 with moderate renal impairment and n = 16 with normal renal function (age-, sex-, and weight-matched). The baseline characteristics of subjects by renal function group are shown in Table 1 .
At baseline, total and ABCA1-dependent cholesterol efflux capacity were significantly higher in moderate renal impairment subjects than in subjects with normal renal function (1.3-fold and 1.8-fold, respectively). There was no significant difference in ABCA1-independent cholesterol efflux capacity. Baseline pre-β1-HDL was significantly higher (1.4-fold) in moderate renal impairment versus normal renal function. All other lipid and lipoprotein levels and high-sensitivity hsCRP were similar in the renal function groups at baseline (Table 1) . At baseline, there was a significant inverse correlation between eGFR and total, ABCA1-independent, and ABCA1-dependent cholesterol efflux capacity and pre-β1-HDL levels. The lower eGFR in subjects with moderate renal impairment was significantly associated with higher cholesterol efflux capacity and pre-β1-HDL levels ( Figure 1 ).
Pharmacokinetics of apoA-I
The infusion of 2 or 6 g of CSL112 resulted in a rapid dose-dependent increase in plasma apoA-I concentrations, which peaked at the end of the 2-hour infusion and remained above baseline 72 hours postdose. Infusion of the highest dose, 6 g CSL112, resulted in an approximately 2-fold increase in apoA-I concentrations from baseline in both renal function groups. The mean apoA-I concentration-time profiles were similar in the renal function groups (Figure 2 ). Full details of the PK analysis are reported elsewhere. 24 
CSL112 Strongly Elevates Cholesterol Efflux Capacity and Pre-β1-HDL Levels in a Dose-Dependent Manner
Strong elevations in total, ABCA1-independent and ABCA1-dependent cholesterol efflux capacity were observed following CSL112 infusion, with similar effects observed in both renal function groups ( Figure 3A-C) . Following infusion of 6 g CSL112, total cholesterol efflux capacity increased by approximately 2.5-fold, ABCA1-independent cholesterol efflux capacity by approximately 2-fold, and ABCA1-dependent by approximately 4-fold. CSL112 also dramatically increased pre-β1-HDL levels ( Figure 3D ) in both renal function groups by up to approximately 20-fold with 6 g CSL112.
Increases in total cholesterol efflux, ABCA1-independent cholesterol efflux, ABCA1-dependent cholesterol efflux capacity, and pre-β1-HDL following CSL112 infusion were dose dependent ( Figure 4A-D) . For cholesterol efflux capacity parameters, there was no significant difference between renal function groups in the relationship between AUEC 0-24 and CSL112 dose ( Figure 4A-C) ; however, for pre-β1-HDL, the dose-dependent increase was greater for subjects with moderate renal impairment than for subjects with normal renal function ( Figure 4D ). There was a trend toward greater elevation in ABCA1-dependent cholesterol efflux capacity in moderate renal impairment compared with normal renal function ( Figure 4C ), although this difference did not reach statistical significance.
CSL112 Infusion Leads to Mobilization and Esterification of Cholesterol
Total cholesterol and HDL-C increased dose dependently following infusion of CSL112 ( Figure 5 ). Because CSL112 does not contain cholesterol, the increase in total plasma cholesterol indicates recruitment of cholesterol from tissues into plasma. Total cholesterol and HDL-C increased to a similar degree in both renal function groups.
Following infusion of CSL112, there was a transient dose-dependent increase in HDL-UC, which peaked at the end of the 2-hour infusion and then declined. This was followed by an increase in HDL-EC, peaking 24 hours postdose and exceeding the level of HDL-UC. For the 6-g CSL112 group, both HDL-UC and HDL-EC levels were sustained above baseline levels 144 hours postdose. Within dose groups, CSL112 had a similar impact on levels of HDL-UC and HDL-EC in both renal function groups ( Figure 6 ). These findings demonstrate a precursor-product kinetic relationship between HDL-UC and HDL-EC following CSL112 infusion that is suggestive of rapid esterification by LCAT.
Infusion of CSL112 did not significantly alter plasma levels of the proatherogenic lipids apolipoprotein B, non-HDL-C, or triglycerides compared with baseline levels, in either renal function group (Supplementary Figure S1A -C). CSL112 infusion also did not alter levels of plasma hsCRP, a biomarker of inflammation, from baseline to 24 or 48 hours postdose (Supplementary Figure S1D) . Safety CSL112 was well tolerated during the study. There were no clinically significant changes in renal function and no serious related adverse events. The full safety data are reported elsewhere.
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Discussion
Patients with chronic renal insufficiency have an elevated risk of death, cardiovascular events, and hospitalization. 28 Importantly, acute myocardial infarction patients with moderate to severe renal impairment (eGFR < 40 mL/min/1.73 m 2 ) have an approximately 1.5-fold increased risk of experiencing a recurrent cardiovascular event compared with acute myocardial infarction patients with normal renal function to mild renal impairment (eGFR ࣙ 75 mL/ min/1.73 m 2 ) and an estimated 3-fold higher rate of reinfarction. . Dose-dependent increases in cholesterol efflux capacity and pre-β1-HDL following infusion of CSL112. Shown are individual data points for the area under the effect curve from 0 to 24 hours (AUEC 0-24 ) for cholesterol efflux capacity;total (A),ABCA1-independent (B),ABCA1-dependent (C), and pre-β1-high density lipoprotein (D). Regression lines for area under the effect curve over 24 hours (AUEC 0-24 ) by CSL112 dose for renal function groups were compared for parallelism, as described in the Methods section. Slopes were not significantly different for total, ABCA1-independent, or ABCA1-dependent cholesterol efflux capacity. The dose-dependent increase in pre-β1-HDL was significantly greater for subjects with moderate renal impairment than for those with normal renal function.
In this phase 1 study, a single infusion of CSL112 caused similar elevation of apoA-I and cholesterol efflux capacity in subjects with normal renal function and in patients with moderate renal impairment.
Moreover, both groups demonstrated similar dose dependence for elevation of cholesterol efflux capacity. These findings are consistent with our recent studies on patients with mild renal impairment in which no differences in cholesterol efflux capacity between normal renal function and mild renal impairment subjects could be detected after infusion of CSL112 (Gille et al, unpublished data, 2018) .
Infusion of CSL112 was followed by first a rise in HDL-UC cholesterol and then a rise in HDL-EC, with a characteristic precursor/product time course indicative of LCAT activity. As with the elevation of cholesterol efflux capacity activity, a similar pattern of cholesterol esterification was observed in moderate renal impairment and normal renal function subjects. These data are consistent with previous work that showed strong elevation of LCAT activity ex vivo 30 and rapid esterification of cholesterol on infusion of CSL112 in healthy adults. 13 Taken together, this suggests no diminution of effect of CSL112 in either cholesterol efflux capacity or LCAT activation in patients with moderate renal impairment.
Baseline measures in subjects with moderate renal impairment showed elevated total cholesterol efflux capacity and ABCA1-dependent cholesterol efflux capacity compared with subjects with normal renal function. Further comparison showed a clear relationship of these parameters with eGFR. Nevertheless, no differences were observed in levels of apoA-I or HDL-C. This finding suggests that moderate renal impairment is associated with enhanced cholesterol efflux capacity on a per-HDL basis.
The literature offers little precedent for the finding of elevated cholesterol efflux capacity in moderate renal impairment because most prior studies in subjects with low eGFR have focused mainly on patients with severe renal disease (eGFR < 30 mL/min/1.73 m 2 ), quite different from those studied here. The severely impaired patients were generally observed to have both reduced cholesterol efflux capacity and reduced levels of HDL-C. [31] [32] [33] [34] [35] Only 1 previous study measured efflux in patients with moderate renal impairment (eGFR, ß50 mL/min/1.73 m 2 ) similar to the ones studied here. These authors observed that cholesterol efflux capacity was no different from that of healthy control subjects. 36 However, the moderate renal impairment patients in this study had apoA-I and HDL-C levels lower than in control subjects. Thus, if cholesterol efflux capacity is normalized to either apoA-I level or HDL-C, elevated cholesterol efflux capacity on a per-HDL basis is seen in both the current study and that of Baragetti et al. 36 The mechanisms underlying enhanced cholesterol efflux capacity per HDL in moderate renal impairment are not fully evident at this time. We have observed that baseline ABCA1-dependent cholesterol efflux capacity is more strongly elevated than ABCA1-independent cholesterol efflux capacity. Consistent with this finding, we have also observed elevated pre-β1-HDL in baseline samples of patients with moderate renal impairment. Because the pre-β1 species of HDL are the preferred acceptors of cholesterol from ABCA1, elevated pre-β1-HDL levels are likely a direct cause of elevated ABCA1-dependent cholesterol efflux capacity. But the cause of elevated pre-β1-HDL is, in turn, uncertain. One possibility is that renal impairment reduces the activity of LCAT, an enzyme that drives conversion of pre-β1-HDL to HDL3. A reduction in LCATmediated conversion of pre-β1-HDL to HDL3 was previously reported in hemodialysis patients, 37 and LCAT activity progressively decreased and HDL-UC levels increased over a 9-year period in a longitudinal study of patients on long-term dialysis. 38 In chronic kidney disease patients not requiring hemodialysis, chronic kidney disease was associated with lower circulating levels of LCAT, decreased LCAT activity, and increased pre-β1-HDL levels. 39 Any changes in LCAT in the present study are likely to be modest given our observation of strong cholesterol esterification on infusion of CSL112.
A second possible explanation for elevated pre-β1-HDL and cholesterol efflux capacity in renal impairment may involve downregulation of ABCA1 expression on peripheral mononuclear cells in renal impairment, as recently reported by Ganda et al. 40 This may lead to an increase in pre-β1-HDL because of reduced ability to metabolize pre-β1-HDL to HDL3.
Further, it is possible that reduced LCAT and reduced ABCA1 expression act in combination to slow the metabolism of pre-β1-HDL to HDL3 and thereby affect ABCA1-dependent cholesterol efflux capacity in renal impairment patients. Regardless of which effect predominates, the time-course observations reported here are consistent with the hypothesis that metabolism of pre-β1-HDL to HDL3 is slowed in renal impairment patients. After infusion of CSL112, the rate of clearance of both pre-β1-HDL and ABCA1-dependent cholesterol efflux capacity is slower in subjects with moderate renal impairment. These findings suggest dysregulation of HDL metabolism in patients with moderate renal impairment, and this dysregulation may underlie their increased cardiovascular risk.
Conclusions
CSL112 (apolipoprotein A-I [human]) enhances biomarkers of reverse cholesterol transport similarly in subjects with moderate renal impairment and in those with normal renal function. Increased cholesterol efflux capacity may help to stabilize plaques in the coronary arteries that are vulnerable to rupture. 41 Therefore, CSL112 may provide a novel therapy to rapidly lower the burden of atherosclerosis and reduce the risk of early recurrent cardiovascular events in acute myocardial infarction patients, with or without renal impairment.
